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(54) METAL ELECTRODE MATERIAL, CAPACITOR USING METAL ELECTRODE MATERIAL, AND 
METHOD OF MANUFACTURE 



(57) The present invention relates to an electrode 
metal material for batteries, capacitors, etc, used in con- 
tact with nonaqueous electrolyte, and particularly to a 
capacitor formed of the electrode metal material, and 
provides a valve metal material capable of decreasing 
the internal resistance of the capacitor. The electrode 
metal material comprises a valve metal material and 
numerous carbon particles induded in the surface of the 
valve metal material. The carbon particles are further 
fixed in the surface of the valve metal material so as to 
expose to the surface. The electrode metal material is 
coated with an activated carbon layer and used as a 
double-layer electrode for an electric double-layer 
capacitor. The carbon particles included in the surface 
ensure conduction between the activated carbon layer 
and the valve metal material. With this configuration, 
even rf the surface of the valve metal material is oxi- 
dized, the internal resistance of the electrode is not 
decreased, the internal resistance of the capacitor is 
decreased, and the capacitance of the capacitor is 
increased. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to an electrode metal material for electrical components, such as batteries and 
capacitors, used in contact with electrolyte, to a capacitor formed of the electrode metal material, and to a method of 
producing the electrode metal material and the capacitor thereof. 

PRIOR ART 

[0002] At present, there are, for example, electric double-layer capacitors and electrolytic capacitors available as elec- 
trical components which are used in contact with electrolyte. Such electric double-layer capacitors have been applied 
to large-capacitance capacitors chargeable at up to about 3 V, and used for backup power sources of microcomputers, 
memory devices, timers, and the like. 

[0003] Typically, an electric double-layer capacitor comprises a pair of polarizable electrodes or double-layer elec- 
trodes disposed face-to-face via an insulating separator therebetween and immersed in electrolyte. The electrode is 
produced by applying an activated carbon layer on the surface of an electrode metal material made of a valve metal and 
used as a mechanical supporter and, at the same time, electric collector. 

[0004] Some types of electric double-layer capacitors use an organic-solvent based electrolytic solution as electrolyte, 
such as a tetraethyl ammonium salt which is added to an organic solvent, such as propylene carbonate. Examples of 
conventional electric double-layer capacitors using organic-solvent based electrolyte include a type in which a pair of 
electric double-layer electrodes is wound and enclosed in a container, and another type in which a pair of double-layer 
electrodes is laminated or stacked, both types having been disclosed in U.S. Patent No. 5,150.283. 
[0005] In the case of the winding type, an electrode metal material 1 is formed of etched aluminum foil having a thick- 
ness of 20 to 50 (jm as shown in Fig. 7. Furthermore, a paste obtained from a powder mixture of activated carbon par- 
ticles, a desired binder and a desired conductive agent is applied to the above-mentioned metal foil to form a film. This 
film, that is, an activated carbon layer 30 (a polarizable electrode) mainly consisting of activated carbon particles, is 
used to form an electric double-layer electrode 3. 

[0006] A lead 6 is connected to each of the electrode metal materials 1 of the pair of electric double-layer electrodes 
3 and 3, respectively. These electrodes 3 and 3 are disposed face-to-face with a separator 5 therebetween and wound 
like a coil. The electric double-layer electrodes is immersed in nonaqueous electrolyte under vacuum to impregnate the 
activated carbon layers 30 and the separators 5 with the electrolyte, then placed in an aluminum case 70. the opening 
7 of the aluminum case 70 being sealed with a watertight packing 8. The electrolyte in the electric double-layer capac- 
itor has used polypropylene carbonate as an organic solvent, and a tetraethyl ammonium salt as an electrolyte, for 
example. 

[0007] Furthermore, in a button-type electric double-layer capacitor, schematically shown in Figs. 9 and 10, activated 
carbon layers 30 are joined to disc-like sheets 1 made of a valve metal material, respectively, to form a pair of double- 
layer electrodes 3. The pair of double-layer electrodes 3 is disposed face-to-face via an insulating separator 5 therebe- 
tween, and accommodated in a metal container comprising two mating members. The valve metal material sheets of 
the two double-layer electrodes are joined to the inner surface sides of the bottom member 60 and the lid member 61 
of the metal container. Both the bottom and lid members are joined to each other so as to be watertight by using an 
insulating ring packing 69 at the peripheral portion thereof. The interior of the capacitor is filled with nonaqueous elec- 
trolyte so that the double-layer electrodes and the activated carbon layers are immersed therein sufficiently. The non- 
aqueous electrolyte is a solution of tetraethyl ammonium perchlorate added in propylene carbonate in the same way as 
described above. 

[0008] An electrolytic capacitor is known as a capacitor in which nonaqueous electrolyte is used. In the anode of the 
capacitor, a dielectric film is formed by chemically treating the valve metal foil. In the cathode, the valve metal foil is used 
as it is. Usually, both the electrodes are disposed face-to-face, wound into a coil, and hermetically enclosed in a con- 
tainer while being immersed in electrolyte. 

[0009] In the case of the conventional electric double-layer capacitor, the valve metal sheet or foil, on which a polar- 
izable electrode is formed as a film, has a naturally oxidized film specific to the valve metal constituting an electrode 
structure while the foil is handled. When this foil is used to form an electrode structure, a thin, insulating oxidized film 4 
is frequently formed at the interface between the aluminum foil 1 used as a valve metal material and the polarizable 
electrode 3. as schematically shown in Fig. 6. 

[001 0] Furthermore, the above-mentioned nonaqueous el ectrolyte typically includes slight amounts of water and oxy- 
gen. For this reason, the valve metal material constituting the electrode structure reacts with the water content in the 
electrolyte during use of the capacitor, and the surface of the metal is oxidized. Therefore, when the electric double- 
layer capacitor formed of this kind of metal is used for extended periods of time, its equivalent series resistance (ESR). 
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i.e., the internal resistance of the capacitor used as a power source, increases gradually, and, in some cases, its capac- 
itance decreases. 

[0011] This problem due to the oxidation of the metal portion of the electrode has also occurred in the case of the 
above-mentioned button-type electric double-layer capacitor in the same way. 
5 [001 2] Furthermore, the anode of the electrolytic capacitor using nonaqueous electrolyte is provided with a dielectric 
insulating layer formed by anodizing a valve metal such as aluminum. In addition, its cathode in direct contact with the 
electrolyte is also formed of the valve metal such as aluminum. In this case, an oxide film is formed on the surface of 
the metal used for the cathode because of oxidation with the water content in the electrolyte. This causes a problem of 
the capacitor increasing in internal resistance, just like the problem described above. 

10 

SUMMARY OF THE INVENTION 

[001 3] Accordingly, an object of the present invention is provide a valve metal material capable of being formed into 
electrodes used in contact with nonaqueous electrolyte inside a capacitor, and capable of reducing the internal resist- 
75 ance of the capacitor. 

[001 4] Another object of the present invention is to provide a method of producing a valve metal material capable of 
being formed into electrodes used in contact with nonaqueous electrolyte, and capable of reducing the internal resist- 
ance of such a capacitor as described above. 

[001 5] A still another object of the present invention is to provide a capacitor capable of having a low internal resist- 
so ance by restricting the change in the resistance of the electrode metal material constituting the electrodes used in con- 
tact with nonaqueous electrolyte. 

[001 6] A yet still another object of the present invention is to provide a method of producing a capacitor capable of 
having a low internal resistance by restricting the change in the resistance of the electrode metal material constituting 
the electrodes used in contact with nonaqueous electrolyte. 
25 [001 7] An electrode metal material in accordance with the present invention is formed of a valve metal material con- 
taining carbon particles on the surface, and is used to form electrodes. The carbon particles in the carbon-containing 
metal material ensure direct contact with a conductor (including electrolyte) to electrically connect the electrode metal 
material to the conductor. 

[001 8] In particular, the carbon-containing metal material comprises a valve metal material and numerous carbon par- 
se tides fixed in the surface of the valve metal material and exposed to the surface. In the present invention, the carbon 
particles may be projected slightly so as to be exposed to the surface of the valve metal material in order to enhance 
the conductivity and joining characteristic to a conductor to become contact therewith. 

[0019] The electrode metal material in accordance with the present invention is used to obtain electrode structures 
used in contact with nonaqueous electrolyte. This kind of carbon-containing metal material itself may be an electrode 
35 making contact with electrolyte. Alternatively, the electrode metal material may have an activated carbon layer coated 
and formed on the surface of the carbon-containing metal material, i.e., a polarizable electrode. The former corre- 
sponds to the cathode of an electrolytic capacitor, and the latter corresponds to the double-layer electrode of an electric 
double-layer capacitor. 

[0020] Inside the electrolytic capacitor, the carbon particles of the carbon-containing metal material, exposed to the 

40 surface thereof, make direct contact with the electrolyte to ensure conductivity between the metal material and the elec- 
trolyte. In addition, inside the electric double-layer capacitor, the carbon particles of the carbon-containing metal mate- 
rial, exposed to the surface thereof, can make direct contact with the activated carbon layer to ensure conductivity 
between the metal material and the activated carbon layer. In either of the cases, even if the carbon-containing metal 
material makes contact with the electrolyte, and the metallic surface thereof is oxidized by water content or the like in 

45 the electrolyte, the above-mentioned conductivity almost remains unchanged. 

[0021 ] More particularly, a valve metal material wherein numerous carbon particles are fixed in the surface thereof so 
as to project on the surface is adopted as the valve metal material of the present invention. Therefore, it is preferable 
that the surface of the valve metal material is shaved so that the carbon particles project With this configuration, the 
uneven shape on the surface of the valve metal material ensures conductivity to the activated carbon layer, and also 

so enhances strength of joining to the activated carbon layer. 

[0022] More particularly, the metallic surface of the valve metal material is coated with a passive film For this reason, 
although the metallic surface of the valve metal material loses conductivity, the metallic surface is prevented stably from 
oxidation due to contact with the electrolyte, and the valve metal material has stable conductivity via the carbon parti- 
cles for extended periods of time. 

55 [0023] The valve metal material in accordance with the present invention can be formed into a sheet. The term "sheet" 
herein refers to a plate, sheet, film and foil. The valve metal material may be formed of products other than the sheets, 
having a small thickness with a desired shape. @4/25 

[0024] The sheet and other formed products include carbon particles at least on one side thereof. They may include 
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carbon particles on both sides thereof. 

[0025] The valve metal material for electrodes in accordance with the present invention is obtained by driving numer- 
ous carbon particles onto the surface thereof. A method of pressing using dies or rolling using rollers is employed to 
drive the carbon particles in to the valve metal sheet. Also, the method of producing the valve metal material for elec- 
trodes in accordance with the present invention may include a step wherein the powder material for the valve metal and 
carbon particles are semi-melted in a mixture condition and subjected to pressure so as to be formed into a dense metal 
ingot. The metal ingot, including carbon particles dispersed inside, is forged or rolled into a product having a desired 
shape, and then the carbon particles are exposed to the surface of the product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The present invention will be described below in detail referring to the accompanying drawings. 

Fig. 1 is a schematic sectional view showing an example of a carbon-containing valve metal material in accordance 
with the present invention, wherein carbon particles are fixed in the surface of the valve metal sheet; 
Fig. 2 is a schematic sectional view showing another example of a carbon-containing valve metal material in 
accordance with the present invention; 

Fig. 3 is a schematic sectional view showing still another example of a carbon-containing valve metal material in 
accordance with the present invention; 

Fig. 4 is a schematic sectional view showing yet still another example of a carbon-containing valve metal material 
in accordance with the present invention, wherein carbon particles are fixed on both sides of the valve metal sheet; 
Fig. 5 is a schematic partially-sectional view showing a double-layer electrode used for an electric double-layer 
capacitor formed of the carbon-containing valve metal material in accordance with the present invention; 
Fig. 6 is a schematic partially-sectional view showing a double-layer electrode used for a conventional electric dou- 
ble-layer capacitor; 

Fig. 7 is a schematic partially-cutaway perspective view showing a winding type electric double-layer capacitor; 
Fig. 8 is a schematic partially-sectional view showing a double-layer electrode used tor a button-type electric dou- 
ble-layer capacitor formed of the carbon-containing valve metal material in accordance with the present invention; 
Fig. 9 is a schematic sectional view showing the button-type electric double-layer capacitor; and 
Fig. 10 is a schematic partially-cutaway perspective view showing the button-type electric double-layer capacitor. 

DETAILED DESCRIPTION OF THE INVENTION 

[0027] The valve metal material for electrodes in accordance with the present invention includes carbon particles on 
the surface thereof as described above. The valve metal can be selected from among metals capable of forming a pas- 
sive state layer on the surface thereof. For example, such valve metals may include tantalum, aluminum, titanium, nio- 
bium, zirconium, bismuth, silicon and hafnium. Alternatively, the valve metal can be selected from among alloys 
including these elements and capable of generating a valve action, for example, a titanium-based alloy including boron 
and tin. a titanium-based alloy including chromium and vanadium, a titanium-based alloy including vanadium and anti- 
mony and an aluminum-based alloy including titanium. The most desirable material is aluminum, in particular, high- 
purity aluminum. 

[0028] The electrode metal material of the present invention is formed into a form having a desired thickness, for 
example, a sheet. The thickness of the sheet is in the range of 10 pm to 5 mm, although the thickness depends on the 
kind of capacitor or the kind of electrode. Generally, for winding type electric double-layer capacitors and electrolytic 
capacitors, metal foil having a thickness of 50 to 500 urn is preferably used to provide flexibility and the sufficient winding 
turns. On the other hand, for button-type electric double-layer capacitors, the valve metal material, when also used as 
a part of the wall or bottom portion of the container, should preferably have a larger thickness of about 0.50 to 3.0 mm, 
for example, to provide strength to the wall or bottom portion. 

[0029] A base metal plate for providing strength may be clad with the above-mentioned thin valve metal material, and 
carbon particles may be included in the clad valve metal material used. A highly corrosion-resistant metal or alloy, such 
as nickel or stainless steel, may be used as this kind of base metal. 

[0030] On the other hand, carbon particles are formed of conductive carbon particles, such as graphite or carbon 
black. Carbon black may be formed of acetylene black as an example. Furthermore, carbon particles may be formed of 
activated 

[0031] The diameter of carbon particles should preferably be in the range of 0.01 to 50 um, more preferably, in the 
range of 0.1 to 10 um. In addition, the carbon particles can have one of particulate, granular and fibrous forms. In the 
case of fibrous carbon particles, the above-mentioned particle diameter in the range of 0.1 to 50 um refers to the fiber 
length thereof. 
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[0032] The content of carbon particles should preferably be in a range of 5 to 90% of the area percentage of the car- 
bon with respect to the whole surface area of the valve metal material. If the area percentage of the carbon is less than 
5% it may be difficult to sufficiently reduce contact resistance at the surface. The area percentage of the carbon should 
preferably be higher. However, if the area percentage of the carbon is more than 90%, it becomes difficult to stably hold 

; carbon particles pressed into the surface of the valve metal by a press method. Accordingly, the area percentage of the 
carbon particles on the surface should preferably be in a range of 20 to 75%. more preferably, in a range of 30 to 60%. 
[0033] The valve metal material should preferably have a rough surface. In particular, carbon particles should prefer- 
ably project slightly from the surface of the metal material. The projection of the carbon particles can be obtained when 
the surface is subjected to electrolytic etching inside an acidic aqueous solution. The exposure of numerous carbon par- 

io tides can increase the contact frequency of an activated carbon layer for an electric double-layer electrode structure. 
Furthermore, the activated carbon layer can be firmly fixed by an anchor effect. 

[0034] Fig. 1 shows a carbon-driven metal material 1 wherein nearly particulate carbon particles 2 are driven on one 
side of a sheet of valve metal material 1 0. This figure shows a schematic view of an example of the valve metal material 
in which the carbon particles 2 are partially embedded in the surface of the metal material and the upper portions 

15 thereof project from the surface. 

[0035] Fig. 2, similar to Fig. 1 . is a conceptual view showing a condition wherein the carbon particles 2 are crushed 
and wholly embedded in the surface of the metal material. However, in the carbon-driven metal material 1 , the surfaces 
of the carbon particles are still exposed to the surface of the metal material, and the carbon particles can be used to 
ensure conductivity. This condition may be obtained when relatively soft carbon particles are pressed strongly. 

20 [0036] Fig. 3 is a view showing a condition wherein the carbon-driven metal material 1 shown in Fig. 2 is subjected 
to electrolytic etching to remove its metallic surface 1 1 . thereby allowing the carbon particles to project. Fig. 4 is a view 
showing a condition wherein the carbon particles driven on both sides of the sheet of the valve metal material are sub- 
jected to etching, thereby allowing the carbon particles to project. 

[0037] Furthermore, the rough surface may be a surface obtained by blasting the whole surface of the carbon-con- 
taining metal material. By the blasting, the surface of the valve metal material can be made rough directly, and the car- 
bon particles can be exposed. In addition, the activated carbon layer can be fixed firmly, and the contact resistance of 
the surface can be reduced. 

[0038 ] a passive film should be formed on the surface of the carbon-containing metal material (for example, the metal- 
lic surface 1 1 shown in Figs. 3 and 4). Even rf water is present in electrolyte while the valve metal material is used as 
an electrode, the passive film protects the surface of the valve metal material against oxidation and corrosion. There- 
fore, the electrodes can be stabilized further, without adversely affecting the conductivity thereof due to the existence 
of the carbon particles. 

[0039] The passive film should only have a thickness capable of withstanding the working voltage of a capacitor com- 
prising the film. For example, in the case of an electric double-layer capacitor rated at 2.5 to 3.5 V, the film should only 
as have a thickness capable of withstanding a voltage in the range of 4 to 5 V. In this case, the valve metal material is pro- 
vided with a passive film having a thickness of 60 A or more. 

[0040] Some methods are adopted to produce an electrode metal material formed of a valve metal material containing 
numerous carbon partides at least in the surface thereof. 

[0041 ] In a first method, a mixture of valve metal powder and carbon powder is heated and pressurized in a container 
40 so that the carbon powder may be contained in a valve metal ingot. This method further includes a step of subjecting 
the ingot of carbon-containing valve metal produced by the above step to plastic working in order to obtain a desired 
shape of the valve metal material. In the plastic working step, hot or cold forging or rolling can be utilized, whereby form- 
ing a sheet having a desired thickness or a formed product having any other shapes. 

[0042] A second method includes a carbon-powder driving step wherein carbon particles are driven into the surface 
as of the valve metal material by pressurizing carbon particles dispersed on the surface of the valve metal material. 

[0043] The above-mentioned carbon particle driving step can also be accomplished by a die press method wherein 
dies are used to press and fit carbon particles into the surface of the valve metal material. The dies may have a flat, 
hardened plate or the like. 

[0044] Furthermore, the above-mentioned carbon particle driving step can also be accomplished by a rolling method 
so wherein rollers are used to drive carbon particles into the surface of the valve metal material. In either of the two meth- 
ods, carbon particles can be pressed and fitted in the surface of the valve metal material and fixed. 
[0045] By using the second method, carbon particles are driven in the surface of the valve metal material having a 
desired thickness. The above-mentioned carbon particle driving step can be accomplished by applying a surface pres- 
sure of 0 5 to 10000 kg/cm 2 in a direction perpendicular to the surface of the metal material. This pressure is deter- 
55 mined depending on the hardness of the surface of the valve metal material and the hardness of the carbon particles. 
[0046] Furthermore, the carbon particle driving step may also be used as a step of pressing or forging a valve metal 
blank into a formed product having a desired shape. In other words, in this case, the carbon particle driving step is car- 
ried out when the valve metal ingot is hot or cold worked. In this step, just when the valve metal material is pressunzed 
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by hot or cold forging or rolling, the carbon particles are driven into the forged or rolled surface. 
[0047] Furthermore, in the production method in accordance with the present invention, the valve metal surface 
should preferably be made rough after the carbon particle press-fitting step. For this purpose, it is desired that, after the 
carbon particle driving step, the production method includes a step of exposing the carbon particles to the surface by 

s carrying out electrolytic etching in an acidic aqueous solution. By this treatment, the carbon particles exposed on the 
surface project from the surface, making the surface rough. In addition, the carbon particles slightly embedded below 
the surface are exposed to the surface. The exposure of numerous carbon particles can increase the contact frequency 
of an activated carbon layer for an electric double-layer electrode structure. Furthermore, the activated carbon layer can 
be firmly fixed by an anchor effect. 

10 [0048] After the carbon powder driving step, the production method includes a step of exposing carbon particles to 
the surface by further carrying out blasting. This method can also accomplish direct roughing of the surface and expos- 
ing of the carbon particles by blasting. 

[0049] The production method should preferably include a step of forming a passive film on the metallic surface of the 

metal material after the carbon particle exposing step. The formation of the film is accomplished by using a method 
is wherein the carbon-containing metal material is heated and oxidized in an oxidative atmosphere, such as in the air. 

Alternatively, another method is used, wherein the carbon-containing metal material is subjected to anodic oxidation. 

The passive film should have a thickness capable of withstanding an applied voltage of 4 to 5 V in the case of an electric 

double-layer capacitor rated at 2.5 to 3.5 V, for example. In this case, the valve metal material is provided with a passive 

film having a thickness of 60 A or more. 
20 [0050] Capacitors in accordance with the present invention include electric double-layer capacitors and electrolytic 

capacitors. In both types of the capacitors, nonaqueous electrolyte is used, and the valve metal material thereof makes 

contact with the electrolyte. 

[0051] Fig. 7 is a schematic view showing a winding type capacitor used as a kind of electric double-layer capacitor. 

The winding type capacitor is provided with flexible electric double-layer electrodes. The electrode comprises thin valve 
25 metal foil used as a valve metal material, and activated carbon layers bonded to both sides of the foil. Numerous carbon 

particles are fixed on the surface of the foil so as to expose, thereby making contact with the activated carbon layers. 

[0052] A pair of electric double-layer electrodes, holding a separator therebetween, is wound to a coil and enclosed 

in a container while being immersed in nonaqueous electrolyte, thereby forming an electric double-layer capacitor. The 

electrolyte is formed of an organic solvent not including water and a salt dissolved in such a solution so as to be disso- 
30 ciated. A solution wherein tetraethyl ammonium perchlorate used as an electrolyte is added to propylene carbonate 

used as a solvent is taken as an example. 

[0053] The activated carbon layer is formed in a thin film by forming activated carbon powder into a paste form and 
by applying the paste to the surface of the valve metal foil. The paste is obtained, for example, by kneading a mixture 
of activated carbon powder, conductive carbon powder and an appropriate binder, such as cellulose or fluororesin, as 

35 necessary, together with water or other solvent. The coated paste film is appropriately dried and heated together with 
the valve metal foil to cure the binder, whereby the film is fixed to obtain an electric double-layer electrode. 
[0054] Leads are connected to the pair of electric double-layer electrodes, one lead to each electrode. Furthermore, 
the electrodes were wound while holding a separator therebetween so as to be formed into a coil. The separator is 
formed of an appropriate thin material that is insulating and water-permeable, such as glass-fiber woven or non-woven 

40 cloth. 

[0055] The coil comprising the electric double-layer electrodes and the separator is immersed in electrolyte and 
accommodated in a metal container having a bottom. The opening of the container is sealed with a sealing material. 
The leads pass through the sealing material and are extended outside. 

[0056] With the above-mentioned structure of the electrode, even when a thin insulating film 4 is present at the inter- 
ns face between the foil-like metal material 10 of the electrode metal material 1 and the polarizable electrode 30 of the 
electric double-layer capacitor as shown in Fig. 5, no oxidized film is formed on the surfaces of carbon particles 2 
exposed from the electrode foil 10. For this reason, electric conduction can be maintained by the carbon particles 2 at 
portions wherein the carbon particles 2 are present. As a result, the equivalent series resistance (ESR) of the electric 
double-layer capacitor decreases, and the conduction portions increase in number, whereby the capacitance thereof 
so increases. 

[0057] Figs. 9 and 10 show a button-type electric double-layer capacitor. An activated carbon layer 30 is bonded to a 
disc-like sheet 1 0 formed of the valve metal material of the present invention via an adhesive layer 9, thereby forming a 
pair of double-layer electrodes 3. The two double-layer electrodes 3 are disposed face-to-face with an insulating sepa- 
rator 5 therebetween, and accommodated inside a metal container comprising two mating portions 60 and 61 . 
55 [0058] The valve metal material sheets 1 0 and 1 0 of the two double-layer electrodes 3 and 3 are joined to the inner 
surface sides of the bottom portion 60 and the lid portion 61 of the metal container, respectively. The bottom portion and 
the lid portion are then joined to each other at their peripheral portions so as to be watertight via an insulating ring pack- 
ing 69. The container is filled with nonaqueous electrolyte so that the double-layer electrodes and the activated carbon 
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layers are sufficiently immersed in the electrolyte. The nonaqueous electrolyte may be, for example, a solution of tetra- 
ethyl ammonium perchlorate used as an electrolyte in propylene carbonate used as a solvent, as described above. 
[0059] Double-layer electrodes 3 for the button-type electric double-layer capacitor are shown in Fig. 8. The activated 
carbon layer 30. i.e.. the polarizable electrode 30, is formed of a sheet made of activated carbon particles or fibers. 
[0060] For example, the activated carbon layer 30 is obtained as described below. A paste is prepared by mixing acti- 
vated carbon powder, a solvent and an appropriate binder, and this paste is formed into thin film, which are dried and 
cured to obtain sheets including activated carbon particles. The sheets are used as the activated carbon layer 30. 
[0061 ] The sheet of activated carbon fiber is formed of fiber activated at the carbonization step of phenol-based resin 
fiber, for example. The activated carbon fiber is woven into a sheet. 

[0062] The above-mentioned activated carbon particle sheet or the activated carbon fiber sheet is stamped into sheet 
pieces having a desired shape, and the sheet pieces are bonded to the carbon-containing side of the valve metal mate- 
rial sheet so as to be assembled into the double-layer electrode 3. An organic adhesive 9, being conductive, is usually 
used for the bonding. 

[0063] The conductive adhesive may be used to firmly bond a sheet of chemically active carbon fiber or the like to the 
valve metal material sheet. Furthermore, the adhesive 9 is used to electrically connect the carbon particles on the valve 
metal material side to some parts of the fiber and particles on the activated carbon side. The carbon particles 2 on the 
valve metal material side ensures conductivity at the double-layer electrode 3 via the adhesive layer 9. thereby reducing 
the internal resistance of the capacitor used as a power source. 
[0064] The present invention also includes a nonaqueous electrolytic capacitor having a cathode formed of the sheet 
?o of valve metal material. The anode of the electrolytic capacitor is formed of a valve metal sheet provided with an insu- 
lating very thin, highly dielectric layer on the surface thereof. The cathode thereof is formed of a valve metal sheet 
including carbon particles on the surface thereof. Both the sheets of the anode and the cathode, disposed face-to-face, 
are wound or integrated, and they are accommodated in a container and immersed into electrolyte inside the container. 
[0065] The electrolyte of this electrolytic capacitor is prepared by adding, for example, an appropriate inorganic or 
25 organic salt to an ethylene glycol-based solvent. Even if a small amount of water is present in the electrolyte, only the 
metallic surface of the valve metal material is oxidized, whereby the carbon particles hold contact with the electrolyte to 
ensure conductivity. For this reason, the electrolytic capacitor is far less likely to decrease in resistance, and the internal 
resistance thereof is far less likely to increase even after use for extended periods of time. 

30 EMBODIMENTS 
[Embodiment 1] 

[0066] A valve metal was formed of high-purity aluminum foil of four-nine grades, having a thickness of 20 pm. An 
35 electrode metal material was produced as described below. Acetylene black particles having an average particle diam- 
eter of 2 urn were dispersed uniformly on the surface of the metal foil at 50% by weight with respect to the metal foil per 
unit area of the foil, and subjected to a line pressure of 100 kg/cm 2 in a direction perpendicular to the surface of the foil 
by using reduction rollers. As a result, carbon-embedded metal foil, wherein numerous carbon particles were driven in 
the surface of the aluminum foil, was obtained. 



40 



[Embodiment 2] 



[0067] In the same way, an electrode metal material was produced as described below. Acetylene black particles hav- 
ing an average partide diameter of 2 urn were dispersed uniformly on the surface of high-purity aluminum foil of four-9 
45 grade, having a thickness of 20 jim. at 50% by weight in the same way as described above, and subjected to a line pres- 
sure of 100 kg/cm 2 in a direction perpendicular to the surface of the foil by using rollers. Numerous carbon particles 
were thus driven in the surface of the aluminum foil. After this, the carbon-embedded metal foil was subjected to elec- 
trolytic etching in a nitric-acid-based etching solution to expose the carbon particles to the surface. 

so [Embodiment 3] 

[0068] In the same way. phenol-resin-based activated carbon particles having a particle diameter of 1 0 urn were dis- 
persed uniformly on the surface of etched high-purity aluminum foil of four-9 grade, having a thickness of 20 urn, which 
is used as a valve metal material, and then subjected to a pressure of 100 kg/cm 2 in a direction perpendicular to the 
£5 surface of the foil by using reduction rollers. As a result numerous carbon particles were driven in the surface of the 
aluminum foil. After this, the carbon-embedded metal foil was subjected to blasting to expose the carbon particles to the 
surfciCG. 

[0069] Electric double-layer capacitors were assembled by using these pieces of carbon-embedded metal foil for elec- 
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trades in accordance with Embodiments 1 to 3. To form a double-layer electrode, the carbon-embedded metal foil was 
coated with a paste including activated carbon particles. To prepare the paste, after obtaining a powder mixture of phe- 
nol-resin-based activated carbon particles having a particle diameter of 5 um. an ammonium salt of carboxymethyl cel- 
lulose (CeH90 5 CH 2 C02NH4) n and acetylene black in a weight ratio of 10: 1 .2: 2, methanol three times as much as the 

5 powder mixture and water five times as much as the powder mixture by weight were added to the powder mixture and 
kneaded. The electrode metal material foil was immersed in this paste for 1 5 seconds, whereby a film of the paste was 
formed on the metal foil 1 . The foil was then dried for 1 hour at 1 00°C in the air to form an activated carbon layer (polar- 
izable electrode). Next, the foil was cut and divided into two sheets, each having dimensions of 25 x 400 mm, thereby 
obtaining a pair of double-layer electrodes. 

10 [0070] Next, aluminum leads 6 were connected to the double-layer electrodes, one lead to each electrode. The two 
double-layer electrodes were disposed face-to-face with a separator 5 therebetween, and then wound and formed into 
a coil. The coil was immersed into electrolyte wherein tetra ethyl ammonium perchlorate was added to propylene car- 
bonate in a ratio of 0.5 mol/litter, and vacuuming was carried out, whereby the double-layer electrodes 3 and the sepa- 
rator 5 were impregnated with the electrolyte. The double-layer electrodes 3 and the separator 5 were then inserted into 

15 an aluminum case 7, and the case 7 was sealed with a packing, whereby an electric double-layer capacitor was 
obtained. 

[Embodiment 4] 

20 [0071] Just as in the case of Embodiment 1 , a valve metal material was formed by press-fitting carbon particles in the 
surface thereof. The valve metal material was electrolytically etched in a nitric-acid-based etching solution to expose 
the carbon particles to the surface thereof, and then subjected to oxidation at 400°C for 2 minutes in the air. 
[0072] Just as in the case of Embodiment 1 , an activated carbon layer was formed on the surface of the valve metal 
material to obtain a double-layer electrode. By using the electrodes, an electric double-layer capacitor was obtained. 

25 

[Embodiment 5] 

[0073] Just as in the case of Embodiment 3. a valve metal material was formed as described below. Phenol-resin- 
based activated carbon particles having a particle diameter of 10 urn were dispersed uniformly on aluminum foil having 

30 a thickness of 20 um, and the foil was subjected to blasting to expose the carbon particles to the surface thereof. 

[0074] To form double-layer electrodes, valve metal material foil was coated with a paste. To prepare the paste, after 
obtaining a powder mixture of phenol-resin-based activated carbon particles having a particle diameter of 5 um, an 
ammonium salt of carboxymethyl cellulose and acetylene black in a weight ratio of 10: 1 .2: 2, methanol three times as 
much as the powder mixture and water five times as much as the powder mixture by weight were added to the powder 

35 mixture and kneaded. The electrode metal material foil was immersed in the paste for 15 seconds, whereby a film of 
the paste was formed on the metal foil 1 . After this, the foil was dried for 1 hour at 180°C in the air to form an activated 
carbon layer (polarizable electrode). The foil was then cut to divide into two sheets, each having dimensions of 25 x 400 
mm, thereby obtaining a pair of double-layer electrodes. Next, just as in the case of the above-mentioned embodiments, 
the double-layer electrodes were used to assemble an electric double-layer capacitor. 

40 

[Embodiment 6] 

[0075] Just as in the case of Embodiment 3, a valve metal material of aluminum foil with a thickness of 20 um, on 
which phenol-resin-based activated carbon particles having a particle diameter of 10 um were dispersed uniformly, was 
45 subjected to blasting to expose the carbon particles on the surface. Furthermore, this valve metal material was sub- 
jected to an oxidizing treatment at 400°C for 2 minutes in the air. 

[0076] The foil of the carbon-containing valve metal material obtained as described above was coated with a paste to 
form double-layer electrodes. The paste was prepared by kneading a powder mixture comprising phenol-resin-based 
activated carbon fiber having been cut to a length of 5 um in the long-chain direction thereof, an ammonium salt of car- 

50 boxymethyl cellulose and acetylene black in a weight ratio of 10: 1 .2: 2, respectively, together with methanol three times 
as much as the powder mixture and water five times as much as the powder mixture by weight added to the powder 
mixture. The electrode metal material foil was immersed in the paste for 1 5 seconds, whereby a film of the paste was 
applied on the metal foil 1 . The foil was then dried for 1 hour at 180°C in the air to form an activated carbon layer. The 
foil was then cut and divided into two sheets, each having dimensions of 25 x 400 mm, thereby obtaining a pair of dou- 

55 ble-layer electrodes. Next, just as in the case of the above-mentioned embodiments, an electric double-layer capacitor 
was obtained. 
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[Embodiment 7] 

[0077] Just as in the case of Embodiment 1 , a valve metal material was obtained by using aluminum film having a 
thickness of 20 urn. on which phenol-resin-based activated carbon particles having a particle diameter of 10 urn were 

5 dispersed uniformly. , 

[0078] To prepare a mixture powder for a paste, a powder mixture of phenol-resin-based activated carbon fiber having 
been cut to a length of 5 urn in the long-chain direction thereof, an ammonium salt of carboxymethyl cellulose and acet- 
ylene black in a weight ratio of 10: 1.2: 2 was used. To this powder mixture, methanol three times as much as the pow- 
der mixture and water five times as much as the powder mixture by weight were added in order to prepare a mixture 

io solution in slurry form. A collector 1 was then immersed in the mixture solution for 15 seconds, whereby a polanzaWe 
electrode 3 was formed as a film on the collector 1 . Next, the electrode was dried for 1 hour at 180°C in the air, and the 
foil was cut and divided into two sheets, each having dimensions of 25 x 400 mm, thereby obtaining a pair of double- 
layer electrodes. Just as in the case of the above-mentioned embodiments, an electric double-layer capacitor was 
obtained. 

[Comparative example] 

[0079] Electrode metal material foil was formed of high-purity aluminum foil of four-9 grade, having a thickness of 20 
urn and not including carbon particles. This valve metal material was immersed in a water solution of 1 .0 N hydrochloric 

20 acid, 6.0 N nitric acid and 4.0 N phosphoric acid. The aluminum foil was subjected to etching by applying direct current 
to the foil used as the anode. An electric double-layer capacitor was obtained just as in the case of Embodiment 1 . 
[0080] The capacitors in accordance with these embodiments and the comparative example were charged at a con- 
stant voltage of 2.5 V for 1 hour. The capacitors were then discharged at a constant current of 100 mA, and the capac- 
itance C and equivalent series resistance (ESR) values of the capacitors were measured. Furthermore, the capacitors 

25 were charged at a constant voltage of 2.8 V at 75°C in a constant temperature bath, and maintained in these conditions 
for 3000 hours. They were then discharged at a constant current of 100 mA. and the capacitance C and equivalent 
series resistance (ESR) values were measured in the same way. Table 1 shows the results of the measurements. 





Surface treatment 


C(F) 


AC(%) 


ESR (mfl) 


AESR (%) 


Embod. 1 


Carbon-embedding 


27 


■16.1 


55 


16.5 


Embod. 2 


Carbon-embedding, etching 


42 


-5.5 


28 


4.0 


Embod. 3 


Carbon-embedding, blasting 


48 




32 




Embod. 4 


Carbon-embedding, etching, oxidation 


40 


-3.0 


30 


2.5 


Embod. 5 


Carbon-embedding, blasting, oxidation 


48 


-6.2 


32 


4.5 


Embod. 6 


Carbon-embedding, blasting, oxidation 


45 


-3.0 


34 


2.8 


Embod. 7 


Carbon-embedding 


35 


-18.5 


60 


14.8 


Comparison 




20 


-27.5 


80 


22.0 



[0081] The AC and AESR in Table 1 represent the change ratios of C and ESR from the initial C and ESR values to 
those obtained 3000 hours after treatments in the above-mentioned conditions, respectively. 

[0082] As clearly disclosed in Table 1 , it is understood that the capacitance values of the electric double-layer capac- 
itors formed of the carbon-containing metal materials in accordance with the embodiments are larger than that of the 

so comparative example, and that the ESR values of the former are smaller than that of the latter. This can be explained 
as follows: by using electrode foil to which carbon particles are added, the carbon particles are exposed to the surface 
of the electrode foil, whereby conductivity can be maintained at the interface between the electrode foil and the polar- 
izable electrode. Furthermore, according to this table, it is found that the stability of capacitance and ESR with respect 
to time can be enhanced by making the surface of the carbon-containing metal material rough by carrying out etching 

£5 or blasting, in particular, by carrying out oxidization to form a passive film. 

[0083] The electrode metal material in accordance with the present invention is used to form a capacitor electrode 
structure making contact with electrolyte, and includes numerous carbon particles on the surface of the valve metal 
material Therefore electric connection can be ensured between a carbon electrode member, such as activated carbon 
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particles, to which the electrode metal material is joined, and the electrolyte, whereby a stable electrode structure can 
be obtained. For this reason, the electrode function of this electrode metal material is not deteriorated even if the mate- 
rial is used in the presence of water in the electrolyte. 

[0084] In addition, the carbon particles of the electrode metal material can be fixed in the surface of the valve metal 
5 material so as to be exposed to the surface, thereby enhancing electric connection and joining to the electrode mem- 
bers. 

[0085] Furthermore, when the surface of the valve metal material of the electrode metal material is coated with a pas- 
sive film, high conductivity to the electrode members and the electrolyte can be ensured stably for extended periods of 
time. The electrode metal material in accordance with the present invention is coated with an activated carbon layer, 
10 and can be used as the double-layer electrodes of an electric double-layer capacitor. Therefore, it is possible to attain 
an electric double-layer capacitor having a low internal resistance and a large capacitance value. 
[0086] Moreover, the electrode metal material, making contact with electrolyte, is used as the cathode of an electro- 
lytic capacitor, whereby it is possible to obtain a cathode having stable conductivity for extended periods of time. There- 
fore, it is possible to attain an electrolytic capacitor having a low internal resistance and a large capacitance value. 

is 

INDUSTRIAL USABILITY 

[0087] The electrode metal materials in accordance with the present invention can be produced in the fields of the 
metal industry and electronic component materials, and can be used as electrode materials for electric double-layer 
20 capacitors and electrolytic capacitors. Furthermore, the capacitors in accordance with the present invention can be 
widely produced and used as electronic components in the field of electronic component materials, and can be applied 
to a wide range of various electronic apparatuses. 

Claims 

25 

1 . An electrode metal material for using in an electrode structure in contact with nonaqueous electrolyte, wherein the 
electrode metal material is a carbon-containing metal material comprising a valve metal material and numerous 
carbon particles fixed in a surface of the valve metal material and exposed to the surface thereof. 

30 2. The electrode metal material according to Claim 1 , wherein said carbon particles are projected from the surface of 
said valve metal material to expose to said surface. 

3. The electrode metal material according to Claim 1, wherein the metallic surface of said carbon-containing metal 
material is coated with a passive film. 

35 

4. The electrode metal material according to Claim 1, wherein said electrode metal material is coated with an acti- 
vated carbon layer to form a double-layer electrode for an electric double-layer capacitor. 

5. The electrode metal material according to Claim 1 , wherein said electrode metal material is a cathode of an elec- 
40 trolytic capacitor, making contact with nonaqueous electrolyte. 

6. The electrode metal material according to any one of Claims 1 to 5, wherein said electrode metal material is thin 
sheet. 

45 7. The electrode metal material according to any one of Claims 1 to 5, wherein said valve metal material is one 
selected from among tantalum, aluminum, titanium, niobium, zirconium, bismuth, silicon, hafnium, a titanium-based 
alloy containing boron and tin, a titanium-based alloy containing chromium and vanadium, a titanium-based alloy 
containing vanadium and antimony and an aluminum-based alloy containing titanium. 

so 8. The electrode metal material according to any one of Claims 1 to 5, wherein said carbon particles are formed of 
conductive carbon particles, such as graphite or carbon black. 

9. The electrode metal material according to any one of Claims 1 to 5, wherein said carbon particles are activated car- 
bon particles. 

55 

10. The electrode metal material according to any one of Claims 1 to 5. wherein said carbon particles has a diameter 
of the range of 0.01 to 50 urn. 
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1 1 . The electrode metal material according to any one of Claims 1 to 5. wherein said carbon particles have one of par- 
ticulate, granular and fibrous forms. 

12. A method of producing an electrode metal material, being a carbon-containing metal material comprising a valve 
metal material and numerous carbon particles fixed in at least a surface of said valve metal material and exposed 
to said surface, wherein said method comprises the steps of: 

including said carbon particles in a valve metal ingot by heating and pressurizing a mixture of valve metal pow- 
der and carbon powder in a container; and. 
ro forming said obtained valve metal ingot into a desired shape so as to be used as said carbon-containing metal 

material. 

13. A method of producing an electrode metal material, being a carbon-containing metal material comprising a valve 
metal material fixed numerous carbon particles in at least a surface thereof, wherein said method comprises a car- 
is bon embedding step of driving the carbon particles into the surface of said valve metal material by pressurizing said 

carbon particles dispersed on the surface of said valve material to obtain said carbon-containing metal material. 

1 4. The method of producing an electrode metal material according to Claim 13, wherein said carbon embedding step 
uses a press method in which said carbon particles are driven by using a die. 

so 

1 5. The method of producing an electrode metal material according to Claim 13, wherein said carbon embedding step 
uses a rolling method in which said carbon particles are driven by using a roller. 

1 6. The method of producing an electrode metal material according to Claim 13. wherein said carbon embedding step 
25 is carried out when said valve metal material is formed by hot or cold working. 

1 7. The method of producing an electrode metal material according to any one of Claims 1 2 to 1 5. wherein the method 
comprises a step of coarsening the surface of said carbon-containing metal material. 

30 1 8. The method of producing an electrode metal material according to any one of Claims 1 2 to 1 5. wherein the method 
comprises a further step of exposing said carbon particles to the surface of said carbon-containing metal material 
by further said carbon-containing metal material in an acidic aqueous solution. 

1 9. The method of producing an electrode metal material according to any one of Claims 1 2 to 1 5, wherein the method 
35 comprises a step of exposing said carbon particles to the surface of said carbon-containing metal material by blast- 
ing said carbon-containing metal material. 

20. The method of producing an electrode metal material according to Claim 18, wherein the method comprises a step 
of forming a passive film on the metallic surface of said carbon-containing metal material after said step of exposing 

io said carbon particles. 

21. The method of producing an electrode metal material according to any one of Claims 12 to 15, wherein said valve 
metal material is one selected from among tantalum, aluminum, titanium, niobium, zirconium, bismuth, silicon, haf- 
nium, a titanium-based alloy containing boron and tin, a titanium-based alloy containing chromium and vanadium. 

45 a titanium-based alloy containing vanadium and antimony and an aluminum-based alloy containing titanium. 

22. The method of producing an electrode metal material according to any one of Claims 1 2 to 15. wherein said carbon 
particles are formed of conductive carbon particles, such as graphite or carbon black. 

so 23. The method of producing an electrode metal material according to any one of Claims 1 2 to 1 5, wherein said carbon 
particles are activated carbon particles. 

24. The method of producing an electrode metal material according to any one of Claims 12 to 15. wherein the diam- 
eter of said carbon particles is in the range of 0.01 to 50 um. 

55 

25. The method of producing an electrode metal material according to any one of Claims 1 2 to 1 5, wherein said carbon 
particles have one of particulate, granular and fibrous forms. 
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26. A capacitor comprising a pair of electrodes and nonaqueous electrolyte, wherein at least one electrode includes an 
electrode metal material which is a carbon-containing metal material comprising a valve metal material and numer- 
ous carbon particles fixed in the surface of said valve metal material and exposed to said surface. 

5 27. The capacitor according to Claim 26, wherein said capacitor is an electric double-layer capacitor, and said pair of 
electrodes is formed of electric double-layer electrodes each comprising said carbon-containing metal material and 
an activated carbon layer formed in contact with said carbon particles on the surface of said metal material. 

28. The capacitor according to Claim 27, wherein said valve metal material is a flexible sheet, said pair of electric dou- 
io ble-layer electrodes is disposed face-to-face with a separator therebetween and wound, and enclosed in a con- 
tainer to obtain a winding type electric double-layer capacitor. 

29. The capacitor according to Claim 27, wherein said activated carbon layers of said pair of electric double-layer elec- 
trodes are accommodated in a container with a separator therebetween, and said valve metal materials of said 

is electrodes are accommodated in the metallic lid and bottom portions of a container, which are coupled so as to be 
insulated from each other. 

30. The capacitor according to Claim 29, wherein said metallic lid and bottom portions of said container are clad with 
said valve metal materials. 

20 

31. The capacitor according to Claim 26, wherein said capacitor is an electrolytic capacitor, one of said electrode metal 
materials is used as the cathode, and the other electrode metal material having a dielectric insulating film is used 
as the anode. 

25 32. The capacitor according to any one of Claims 26 to 31, wherein said valve metal material is one selected from 
among tantalum, aluminum, titanium, niobium, zirconium, bismuth, silicon, hafnium, a titanium-based alloy contain- 
ing boron and tin. a titanium-based alloy containing chromium and vanadium, a titanium-based alloy containing 
vanadium and antimony and an aluminum-based alloy containing titanium. 

30 33. The capacitor according to any one of Claims 26 to 31 , wherein said carbon particles are formed of conductive car- 
bon particles, such as graphite or carbon black. 

34. The capacitor according to any one of Claims 26 to 31, wherein said carbon particles are activated carbon parti- 
cles. 

35 

35. The capacitor according to any one of Claims 26 to 31 , wherein the diameter of said carbon particles is in the range 
of 0.01 to 50 urn. 

36. The capacitor according to any one of Claims 26 to 31 , wherein said carbon particles have one of particulate, gran- 
40 ular and fibrous forms. 

37. The capacitor according to any one of Claims 26 to 31 , wherein a passive film is formed on the metallic surface of 
said valve metal material. 

45 38. A method of producing an electric double-layer capacitor comprising a pair of electric double-layer electrodes each 
formed of an activated carbon layer formed on the surface of a valve metal material, a separator for separating said 
pair of electric double-layer electrodes and nonaqueous electrolyte, wherein said method comprises the steps of: 

forming a carbon-containing metal material in which numerous carbon particles are fixed in at least a the sur- 
50 face of a valve metal material and exposed to said surface; 

applying a paste containing activated carbon particles to the surface of said carbon-containing metal material: 
and 

drying and curing said paste to obtain said electric double-layer electrodes. 

55 39. The method of producing a capacitor according to Claim 38. wherein, after the step of forming said carbon-contain- 
ing metal material, said method further comprises a step of exposing said carbon particles on the surface of said 
metal material by electrolytic etching said metal material in an acidic aqueous solution. 
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40. A method of producing a button-type electric double-layer capacitor in which a pair of electric double-layer elec- 
trodes, each having an activated carbon layer formed on the surface of an electrode metal material, is accommo- 
dated in a container with the activated carbon layers laminated via a separator therebetween, and the electrode 
metal materials are coupled to the metallic lid and bottom portions of the container, both portions being insulated 
from each other, wherein said method comprises the steps of; 

forming a carbon-containing metal material, as the electrode metal material, in which numerous carbon parti- 
cles are included at least in the surface of a valve metal material and exposed to said surface; and 
applying the activated carbon layers to the surfaces of the valve metal materials to obtain the electric double- 
layer electrodes. 

41 . The method of producing an electric double-layer capacitor according to Claim 40, including a step of previously 
carrying out cladding of the metallic bottom portion of said container with said valve metal materials at so as to 
accomplish integration. 

42. A method of producing an electrolytic capacitor in which an anode formed of a valve metal material having a die- 
lectric insulating film on the surface thereof and a cathode formed of a valve metal material are disposed face-to- 
face in nonaqueous electrolyte, wherein said method comprises a steps of forming a carbon-containing metal 
material in which numerous carbon particles are fixed in at least a surface of the valve metal material and exposed 
to said surface so that the carbon-containing metal material is used as the electrode metal material for the cathode. 

43. The method of producing a capacitor according to Claim 38, 40 or 42, wherein the step of forming the carbon-con- 
taining metal material includes a carbon embedding step of driving the carbon particles into the surface of the valve 
metal material by pressurizing the carbon particles dispersed on the surface of said valve material to obtain the car- 
bon-containing metal material. 

44. The method of producing a capacitor according to Claim 43, wherein said carbon embedding step uses a press 
method in which said carbon particles are driven by using a die. 

45. The method of producing a capacitor according to Claim 43, wherein said carbon embedding step uses a rolling 
method in which the carbon particles are driven by using rollers. 

46. The method of producing a capacitor according to Claim 44 or 45. wherein said carbon embedding step is carried 
out in a hot or cold working step to form the valve metal material. 

47. The method of producing an electrode metal material according to Claim 43, including a step of coarsening the sur- 
face of said carbon-containing metal material. 

48. The method of producing an electrode metal material according to Claim 43, wherein the method further includes 
a step of exposing said carbon particles to the surface of the carbon-containing metal material by electrolytically 
etching the surface of the carbon-containing metal material in an acidic aqueous solution. 

49. The method of producing an electrode metal material according to any one of Claims 44 to 46. wherein the method 
further includes a step of exposing said carbon particles to the surface of the carbon-containing metal material by 
blasting the carbon-containing metal material. 

50. The method of producing an electrode metal material according to Claim 48. wherein the method further includes 
a step of forming a passive film on the metallic surface of the carbon-containing metal material after said carbon 
particle exposing step. 

51 . The method of producing an electrode metal material according to any one of Claims 44 to 46. wherein said valve 
metal material is one selected from among tantalum, aluminum, titanium, niobium, zirconium, bismuth, silicon, haf- 
nium, a titanium-based alloy containing boron and tin. a titanium-based alloy containing chromium and vanadium, 
a titanium-based alloy containing vanadium and antimony and an aluminum-based alloy containing titanium. 

52. The method of producing an electrode metal material according to any one of Claims 44 to 46, wherein said carbon 
particles are formed of conductive carbon particles, such as graphite or carbon black. 
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